ABSTRACT: Thermoresponsive, biodegradable polymeric hydrogel networks are used widely in medicinal applications. Poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acidco-glycolic acid) (PLGA-PEG-PLGA) triblock copolymers exhibit a sol-gel transition upon heating. The effect of PLGA block and PEG chain molecular weights (MWs) on the gelling temperature of polymer aqueous solution (20% w/w) is described. All polymer solutions convert into a hard gel within 2 C of the gelling temperature. The release properties of the gels were displayed using paracetamol as a representative drug. A linear relation is described between the gelling temperature and PLGA block MW.
INTRODUCTION Effective controlled drug release provides the advantage of sustained therapeutic activity over a long time period. Poly(lactic-co-glycolic acid) (PLGA) has been studied extensively in this field due to its excellent biocompatibility and flexibility in terms of chemical composition. [1] [2] [3] The potential to inject biodegradable polymers provides an attractive platform for the delivery of therapeutic materials directly to tissue without the need to remove unwanted byproducts. 4 Polymeric hydrogels are three-dimensional systems that are able to absorb large amounts of water due to physical crosslinking of the polymer. "Smart" hydrogels have been developed to undergo a sol-gel transition as a response to a variety of external stimuli, namely, pH 5 and temperature. 6 In these systems, gelation is contingent upon the external stimulus; without it the polymer merely dissolves in the aqueous medium. This feature has allowed for the polymer to be injected to a site where the prescribed stimulus may be found, thereby causing the gel to form in situ.
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Biocompatible and biodegradable thermoresponsive hydrogel networks have gained popularity, particularly in the field of drug delivery, due to their ability to deliver peptides and drugs with low water solubility in situ. [8] [9] [10] [11] Specifically, these polymer networks have the special property that in dilute aqueous solutions they dissolve at room or cold temperatures, and at physiological temperatures undergo a sol-gel transition.
PLGA-b-poly(ethylene glycol)-b-PLGA) triblock copolymers have been widely used to make safe, biocompatible, biodegradable, and crucially FDA-approved thermoresponsive hydrogels. 12, 13 The sol-gel transition temperature is affected by concentration, chain length of PEG, PLGA, the ratio between them, as well as the lactic acid/glycolic acid (LA:GA) ratio within the PLGA blocks. [14] [15] [16] Polymer solutions with a sol-gel transition at physiological temperatures may be leveraged for their injectability and in situ gel formation.
While extensive research has been done on various applications of PLGA-PEG-PLGA triblock copolymers, including preparation of stimuli-responsive micelles, 17 controlled release of proteins, 10 or model small molecule drugs, 18 and local delivery for bone regeneration, 19 little attention has been given to role of block chain molecular weight (MW) in determining the gelling temperature of the thermoresponsive polymer gels. It is thus the objective of this study to systematically investigate the effects of both PEG and PLGA block chain lengths on the gelling temperature. . Solvent was allowed to evaporate and the vial was purged with N 2 . The mixture was stirred at 120 C for 2 h, followed by overnight stirring at 150 C.
The crude polymer was taken up in DCM and precipitated into ether to afford polymer 8 in quantitative yield. Proton nuclear magnetic resonance ( 
IR Spectroscopy
IR spectroscopy (2000 FTIR; PerkinElmer, Ra'anana, Israel) was performed on polymer samples cast onto NaCl plates.
Determination of Gelling Temperature
Total of 20% w/v aqueous polymeric solutions were incubated at a given temperature for 10 min, and the vial was inverted to test for gelling. If the gel did not flow, the temperature was recorded as the gelling temperature of the solution (T gel ). Results are accurate to +/−2.0 C.
Release Study
Paracetamol was dissolved in 1 mL of 20% aqueous PLGA-PEG-PLGA solution at a ratio of 5:100 paracetamol:polymer (w/w). The solution was heated to 37 C until gel was formed. Total of 4 mL 0.1 M phosphate-buffered saline (PBS) solution was added on top of the gel at 37 C. Paracetamol released was measured by ultraviolet (UV) absorbance at 243 nm. 20 
RESULTS AND DISCUSSION
Rational Design of PLGA-PEG-PLGA Copolymer Series Qiao et al. have demonstrated that the gelling temperature of aqueous solutions of PLGA-PEG-PLGA triblock copolymers was lowered by increasing either the lactide:glycolide (LA:GA) ratio in the PLGA block or polymer aqueous concentration. 15 Here, we fixed a 6/1 LA:GA molar ratio and a 20% w/v aqueous polymer concentration in order to isolate the effect of PLGA/PEG weight ratio on gelling behavior of the copolymer (Fig. 1) . A series of such polymers (Fig. 2) was thereby synthesized with varying PEG and PLGA MWs and ratios, while keeping constant a 6:1 LA:GA molar ratio in the feed. Gelling temperature of 20% w/v aqueous solutions of each polymer were then tested (Table 1) . Polymers with different MW PLGA blocks were obtained by altering the ratio of combined LA and GA monomers relative to PEG in the feed.
Characterization
Polymer MW and experimental LA:GA ratio were defined by 1 H NMR (Fig. 3) . To determine MW, the known integration value of the PEG peak (Fig. 3, Peak A) was compared to the integrations of the lactide and glycolide peaks (Fig. 3 , Peaks C and D). The postpurification LA:GA ratio was also determined from the relative integration of the C (lactide CH) and D (glycolide CH 2 ) peaks of the 1 H NMR spectrum. Ester formation was confirmed by 13 C NMR and IR. The carbon that experienced a chemical shift of 169 ppm corresponds to PLGA polyester and of 166 ppm to the ester connectivity between PEG and PLGA blocks (Fig. 4, Peaks B and F) . The IR ester band at 1750 cm −1 also indicates ester bond formation (Fig. 5) . The spectroscopy and gelling results for all 26 synthesized polymers can be found in Table 1 . FIGURE 2 Structure of PLGA-PEG-PLGA triblock copolymer. x represents the amount of repeating units of PEG, y represents the LA, and z represents the GA. All polymers described in this work share this structure. They differ in their x, y, and z values (see Table 1 ).
The mechanism of PLGA-PEG-PLGA triblock copolymer gel formation has been described. 14 In short, at temperatures of about 0-25 C, the interchain hydrogen bonding between PEG segments dominates the solution energy profile, and the polymer dissolves in water. As the temperature increases, these hydrogen bonds weaken, and interchain hydrophobic interactions between the PLGA segments of the copolymer strengthen, leading to a three-dimensional physically crosslinked system that does not exclude water, resulting in the hydrogel. As temperature is further increased, the hydrophobic interactions are further strengthened and the polymer crashes out of solution (Fig. 6) . The PLGA/PEG ratio is therefore crucial in determining the sol-gel transition temperature (T gel ), as a low amount of hydrophobic interchain PLGA interactions relative to those of PEG would require a higher amount of energy to overcome the hydrophilic PEG-water and PEG-PEG interactions, and a high PLGA/PEG ratio would require less energy to overcome this barrier. Consequently, one would expect that a higher PLGA/ PEG ratio would lead to a lower T gel .
By controlling the LA:GA ratio, PEG MW, and polymer concentration, we were able to isolate the effect of PLGA block length on gelling temperature. As expected, increase of hydrophobic PLGA block lead to a lower gelling temperature, as the system required less energy for the PLGA-PLGA hydrophobic interactions to overcome the hydrogen bonding between hydrophilic PEG segments. Indeed, a linear relationship was found between descending PLGA block length and gelling temperature (Fig. 7) .
Controlled Release of a Representative Drug
The controlled release of paracetamol as representative water soluble drug from within the gel to external physiological media was tested to prove the ability of a therapeutic agent to be released from the gel matrix. To this effect, paracetamol was dissolved in an aqueous solution containing 20% w/v PLGA-PEG-PLGA 13, then heated to 37 C to form gel. PBS was added on top of the gel, and it was exchanged for fresh PBS each morning until almost 90% of paracetamol had been a X in the polymer structure (Fig. 1) . b Y + Z in the polymer structure (Fig. 1 ).
c (Y + Z)/X in the polymer structure (Fig. 1) . d Y/Z in the polymer structure (Fig. 1) .
observed in the exchanged media. We chose paracetamol as a representative drug as its release profile was easy to follow by UV absorbance of the exchanged media. Over 50% of the paracetamol was released within 16 h, and 90% released within 64 h (Fig. 8) . It should be noted that the gel maintained its robustness in the release media for over 1 week with almost no erosion or change in viscosity. These results are consistent with previously reported water-soluble drug release from PLGA-PEG-PLGA thermoresponsive hydrogels. Due to the robustness of the hydrogel, and its optimized solgel sharp transition, it can be injected into a physiological environment at room temperature as a liquid, and gel in tissue. When representative therapeutic material was dissolved in the room-temperature solution, controlled release from the gel was achieved. This finding may allow for the targeted delivery and controlled release of any therapeutic material at an injectable site.
CONCLUSIONS
We have quantified here the correlation between PLGA block MW and gelling temperature of PLGA-PEG-PLGA triblock copolymers at several MW PEGs. In this way, a polymer can be rationally designed in order to provide any gelling temperature desired for a given application. In addition, therapeutic agents may be released from the gel and into surrounding physiological medium at a controlled rate, affording controlled release at any injectable site. 
